Abstract Homogentisic acid (HGA) can be oxidized by a combination of Fe 2+ and H 2 O 2 into a darkly colored high molecular mass pigment. Increasing the concentration of H 2 O 2 can lead to the formation of a high molecular mass material that exhibits less absorbance in the visible range of the electromagnetic spectrum, while maintaining a strong absorbance in the UV range of the electromagnetic spectrum. FT-IR spectroscopy did indicate the presence of a chemical feature in the pigments generated through H 2 O 2 -mediated oxidation that is absent in pigments generated through air-mediated oxidation. Our observations could have implications in the pathophysiology of alkaptonuria. In alkaptonuria, patients suffer from homogentisic aciduria from birth, but develop ochronosis (darkening) of collagenous tissues much later in life due to the formation of a melanin-like pigment. Three major questions regarding ochronosis remain to be answered: 1) how is the pigment formed, 2) why does it appear by the third decade of life and 3) why is it sporadic in appearance? Our results suggest that ochronotic or non-ochronotic pigments can be generated from HGA depending on the oxidation reaction conditions. Thus, the absence of any visible pigment, as for younger alkaptonuria patients, could not necessarily mean the absence of HGA-derived melanin-like molecules. We compare our results and their potential implications for ochronosis to the changes in pigmentation observed in vitiligo or aging (greying) hair.
Introduction
Alkaptonuria (AKU) is a genetically-determined metabolic disease whereby the gene encoding the homogentisate 1,2 dioxygenase enzyme is mutated. [1, 2] Thus, AKU patients accumulate homogentisic acid (HGA) from birth. Around the third decade of life, AKU patients develop dark pigmentation in collagen-rich tissues, a condition termed ochronosis. The build-up of this ochronotic pigment leads to osteoarthropathy, but other tissues, e.g. cardiac valves, may deteriorate. [3] [4] [5] Although the biochemistry of the tyrosine metabolization pathway in normal and AKU patients is well established, three main questions regarding ochronosis remain: 1) how is the pigment synthesized, 2) why does it appear only in a later stage of life and 3) why is it sporadic, rather than blanket in its appearance? [6] Using air-oxidation, HGA is readily converted into a darkly-colored, melanin (MN)-like pigment, but strong alkaline conditions appear to be required to initiate the process. [7] In vivo such conditions are unlikely to be the norm, however some cartilage samples display a neutral or alkaline pH. [8] A more likely means of oxygen-mediated oxidation and polymerization of HGA would require the presence of a catalyst; enzyme or other. Radical oxygen species (ROS) can serve as a source of oxidizing potential, particularly if transition metal ions like Fe 2+ or Cu 2+ are present. ROS-mediated oxidation is frequently simulated in laboratory settings by combining Fe 2+ or Cu 2+ with H 2 O 2 ; the so-called Fenton chemistry. We have studied the oxidation of HGA using Fenton chemistry and evaluated the formation of MN-like pigment similarly as was done for the air-mediated oxidation of HGA under alkaline conditions. [7] We observed that, depending on the concentration of H 2 O 2 used, a high molecular mass pigment material was generated with different absorbance properties in the visible range of the electromagnetic spectrum. Our experiments raise a hypothesis that a lesser-visible MN-like pigment can be generated from HGA depending on the intensity of the oxidizing conditions of the environment. In a broader context, our observations could be related to the depigmentation observed in vitiligo patients or in the graying of hair; for both of which increased levels of H 2 O 2 has been implicated as a potential cause of the depigmentation. [9, 10] 
Materials and Methods

Materials
Small scale experiments
Mixtures containing various concentrations of HGA, Fe 2+ and H 2 O 2 were prepared in wells of a 96-well microplate and kept at room temperature (RT) for multiple days. Occasionally, photographs and absorbance readings at wavelengths between 400 and 600nm were taken. Details on concentrations involved in these reactions are provided in the Results section.
Large scale experiments
Reaction mixtures (total volume 25mL) containing about 100mg HGA, 0.3mM Fe 2+ and 0.12% v/v (reaction A) or 1.2% v/v (reaction B) H 2 O 2 were kept at RT for one week. Occasionally, aliquots from the mixtures were diluted with SEC solvent, centrifuged and analyzed using SEC. When the reactions were deemed complete, the mixtures were dialyzed and freeze-dried as described previously leading to pigments A and B. [7] 2.4. UV_Vis spectroscopy UV/Vis spectroscopic measurements were made in wells of a 96-well microplate using the SynergyHT microplate reader from Biotek (Winooski, VT).
Size exclusion chromatography (SEC)
SEC analyses were performed as described previously. [7] 2.6. FT-IR spectroscopy FT-IR spectroscopic analyses were performed as described previously. [7] 3. Results . However, the mixtures containing 0.1 or 0.2% v/v H 2 O 2 rapidly lost their initial dark color, to the point that some mixtures appeared colorless after overnight reaction. Fig.1 shows a photograph of this experimental set up after two days of reaction. 
Small scale experiments
Large scale experiments
Upon the addition of H 2 O 2 to reaction mixture A, the solution instantly turned black and remained as such throughout the remainder of the experiment. Upon the addition of H 2 O 2 to reaction mixture B, the solution instantly turned yellow-brown and turned black within hours. After overnight standing, reaction mixture B had regained the yellow-brown color and remained as such throughout the remainder of the experiment. SEC analyses of the dialyzed reaction mixtures revealed a peak with retention times of 12. (results not shown). These retention times are similar to the SEC retention time, 12.4 minutes, of the pigment generated from HGA through air-oxidation in the presence of 1M NaOH. [7] The purified and dried pigment A consisted of a black, fibrous material, while the purified and dried pigment B material consisted of a brown, fibrous material. Both pigments were redissolved in water to a concentration of 0.2 mg/mL. Fig. 4 presents a photograph of these solutions and Fig. 5 presents the UV_Vis spectra recorded for both pigments. Comparing the UV_Vis spectra of pigments A and B, the absorbance in the Vis region of the electromagnetic spectrum of pigment B was much lower compared to pigment A. Both pigments still exhibited a strong absorbance in the UV range of the electromagnetic spectrum. Fig. 6 compares the FT-IR spectra of pigments A and B to the spectrum of a freshly prepared pigment derived from HGA through air oxidation in the presence of 1M NaOH.(pigment #5 in [7] Fig. 6: FT-IR spectra of pigments A and B, prepared as discussed in this report, and of pigment #5, prepared as discussed elsewhere [7] . Similarities and notable differences between the spectra can be observed. All three pigments exhibit absorbance peaks at wavenumbers of about 1,200cm -1 (associated with C-O stretching), 1,380 cm -1 (associated with phenolic OH-bending) and 1,600cm -1 (associated with aromatic C=C bending vibrations). [11] Pigment A exhibits an additional peak at a wavenumber of about 1,300 cm -1 , the significance of which is currently unclear. Pigments A and B exhibit a sharp peak at wavenumber of about 1,705 cm -1 that is not present in the spectrum of pigment #5. In addition, the sharp peak at about 1,705 cm -1 is more prominent in the spectrum of pigment B compared to the spectrum of pigment A. We attribute this new peak to the presence of a carbonyl entity (C=O); either from a ketone or a carboxylic acid functionality. [12] This may reflect a change due to a chemical reaction whereby a phenolic functional group was converted into a ketone functional group or whereby an aromatic unit was opened and two carboxylic acids were generated into the structure. At this stage, no distinction between these two possibilities can be made. The C=O entity of aromatic carboxylic acid groups should exhibit IR absorbances at a wavenumber of about 1,750 cm -1 . [13] However, hydrogen bonding between carboxylic acids and nearby phenolic functional groups will lead to a shift of this IR absorbance band to much lower wavenumbers. [13] The IR absorbance of C=O entities belonging to unsaturated, endocyclic ketones is predicted to appear at wavenumbers similar to the ones of hydrogenbonded carboxylic acid groups. [13] 
Discussion
The small scale experiments indicated that in the presence of Fe 2+ and H 2 O 2 , HGA is readily converted into a darkly colored pigment. However, in the presence of the highest concentrations of H 2 O 2 tested, the pigment's color became lighter to the point that the solution was colorless after overnight reaction (see Fig. 1 ). This pattern of loss-of-colors was independent of the concentration of Fe 2+ or the type of cation (Fe  2+ or Cu   2+ ) present. However, the results presented in Fig. 3 do suggest that the ratio of HGA and H 2 O 2 concentrations present in the reaction mixtures may be the determining factor for the observed loss-of-color pattern. The possibility that a more intense oxidation of HGA could result in a lesser-visible pigment material was confirmed by the large scale reactions that were set up. The SEC analyses of the pigments generated through airmediated [7] or H 2 O 2 -mediated oxidation (this report) of HGA indicate that the hydrodynamic volume (related to the molecular mass) of the pigments is not substantially different. On the other hand, a comparison of the FT-IR spectra of the pigments (Fig. 6 ) does suggest that H 2 O 2 -mediated oxidation leads to a chemically distinct pigment compared to air-mediated oxidation of HGA.
Our observations may have implications for the study of AKU and the associated ochronosis. HGA, at levels present in AKU patients, has been shown to be cytotoxic, particularly towards chondrocytes. [14] [15] [16] Thus, the oxidation and polymerization of HGA into a MN-like pigment could be considered a defensive mechanism to remove the excess HGA. The deposit of the HGA-based pigment leads to ochronosis, but three main questions regarding ochronosis remain: 1) how is the pigment synthesized, 2) why does it appear only in a later stage of life and 3) why is it sporadic, rather than blanket in its appearance? [6] This report suggests that darkly-colored, MN-like pigments can readily be generated from HGA in a non-enzymatic fashion due to the presence of ROS generated by Fe 2+ and H 2 O 2 . In addition, our results suggests that, under more intensive oxidizing conditions, MN-like molecules could be generated from HGA that are much lighter in color; even to the point of being invisible. Thus, the absence of any visible pigment, as for younger AKU patients, would not necessarily mean the absence of HGA-derived, MN-like molecules. The detection of these non-visible pigments adds weight to the case for the use of nitisinone in AKU patients, given the efficacy of it to reduce HGA levels to almost baseline and removing the potential to generate any pigment; regardless of the mechanism of pigment formation. [17, 18] It is interesting to compare the relationship between AKU and ochronosis and other conditions or diseases that involve changes in pigmentation: vitiligo or greying of hair. [19, 20] For both, an increased level of H 2 O 2 has been discussed a potential contribution factor to the changes in pigmentation. [9, 10] In this respect is worth noting that HGA can auto-oxidize and produce ROS like H 2 O 2 . [21] Although the effect of age on pigmentation in AKU (from colorless to darkly colored) is the reverse as that for aging hair (from darkly colored to lighter colored), we can expand our comparison between ochronosis and greying of hair by noting that, with regard to the biochemical and physiological changes in hair, the third decade is considered to be a pivot point. [20] Both pathologies are also associated with a compromised ability to defend against ROS. [22] [23] [24] The pigmentation associated with AKU and ochronosis is derived from HGA, while other precursors, cateholamines or DOPA, form the basis for the pigmentation associated with vitiligo or hair color. We have observed that in addition to HGA, other catecholic precursors can generate light-colored MN-like materials when oxidized in the presence of high concentrations of H 2 O 2 and the results of these observations will be presented elsewhere.
It is also worth considering the in vivo location of the most severe pigmentation in AKU patients, the articular cartilage. This tissue is usually avascular and aneural, but numerous disease processes or trauma bring about changes in cartilage. It may be these micro-trauma events that instigate the pigmentation process due to the generation of additional ROS or the through the increased availability of ions like Fe 2+ as part of the repair response mechanism. These micro-changes in the cartilage of AKU patients are well characterized as pericellular pigmentation and are clearly the initiation point in the process of generating visible ochronosis. [25, 26] In general, we present evidence that the H 2 O 2 -mediated oxidation of HGA can lead to a MN-like material that is chemically distinct from pigments generated through air-oxidation. In addition, we provide evidence that intense oxidation by H 2 O 2 can lead to MN-like materials with reduced absorbance in the visible range of the electromagnetic spectrum. The prospect of the existence of HGA-derived, nonochronotic pigments in addition to the wellestablished ochronotic pigments, could have implications in the study and therapy of AKU/ochronosis as the absence of pigmentation observed in younger AKU patients may not mean the lack of MN-like materials.
